Abstract Ð Observations based on relatively limited data recorded by sparsely distributed stations have indicated that regional seismic phase propagation (Lg and Sn) is very complex in the Middle East. Accurate characterization of regional seismic wave propagation in this region necessitates the use of a large number of seismic stations. We have compiled a large data set of regional and local seismograms recorded in the Middle East. This data set comprises approximately four years of data from national short-period networks in Turkey and Syria, data from temporary broadband arrays in Saudi Arabia and the Caspian Sea region, and data from GSN, MEDNET, and GEOFON stations in the Middle East. We have used this data set to decipher the character and pattern of regional seismic wave propagation. We have mapped zones of blockage as well as inecient and ecient propagation for Lg, Pg, and Sn throughout the Middle East. Two tomographic techniques have been developed in order to objectively determine regions of lithospheric attenuation in the Middle East.
Introduction
Regional seismograms are dominated by the phases Pn, Pg, Sn, and Lg. More often Sn and Lg are used to infer the attenuation structure of the lithosphere. The seismic phase Sn is a high-frequency shear-wave (typically from 1 to 4 Hz and occasionally higher) that travels in the lithospheric mantle above the negative velocity gradient which usually marks the lithosphere-asthenosphere boundary. Sn has been reported out to distances of 35°(e.g., MOLNAR and OLIVER, 1969; HUESTIS et al., 1973) . Sn arrives as a high-frequency wavetrain lasting tens of seconds and up to 1 to 2 minutes. Sn velocities are typically 4.7 km/s in stable continental and oceanic lithosphere (HUESTIS et al., 1973) and as low as 4.3 km/s (KADINSKY-CADE et al., 1981) in more tectonically active regions. Lg is a complex short period guided wave consisting of high-frequency P and S energy which travels primarily in the earth's crust at frequencies typically between 0.5 and 5 Hz. It has been modeled as higher-mode Love and Rayleigh waves as well as a sequence of multiply re¯ected post-critical S waves trapped in a crustal guide (BOUCHON, 1982; KENNETT, 1986; BOSTOCK and KENNETT, 1990) . Lg has been observed not to propagate in oceanic or very thin continental crust (PRESS and EWING, 1952; SEARLE, 1975; ZHANG and LAY, 1995) . Both observational and theoretical studies have demonstrated that Lg propagation characteristics are primarily a function of the shape of the crustal wave guide (KENNETT, 1986; BOSTOCK and KENNETT, 1990; BAUMGARDT and DER, 1997; RODGERS et al., 1997) . There is strong evidence to suggest that rapid changes in crustal thickness will block or weaken Lg propagation (BOSTOCK and KENNETT, 1990; FAN and LAY, 1998; MITCHELL et al., 1997) . Furthermore, it has been observed that both deep sedimentary basins and intrinsic attenuation can also severely weaken Lg propagation (e.g., NUTTLI, 1980; BAUMGARDT and DER, 1997) . Recently there have been a number of studies which use Lg/Pg ratio behavior in terms of crustal waveguide structure (e.g., BAUMGARDT, 1996; FAN and LAY, 1998; HARTSE et al., 1998) . This work is critical to isolating path eects from source eects on Lg/Pg ratios.
Studies of regional wave propagation have yielded important constraints on crustal and uppermost mantle structure and rheology. Studies of Sn propagation have helped constrain the rheology of the uppermost mantle in regions such as the Tibetan Plateau where NI and BARAZANGI (1983) and later MCNAMARA et al. (1995) documented a region of Sn blockage in northern and central Tibet, indicating that this region is probably underlain by thin, hot lithosphere. Similarly, WEIR (1982) found a region in southeastern China where Sn was extremely attenuated. Studies of Lg propagation have provided valuable insight into crustal structure in the Afar (SEARLE, 1975) , Tibet and central Asia (NI and BARAZANGI, 1983; KENNETT, 1986; MITCHELL et al., 1997) and in the Arabian Peninsula (MELLORS et al., 1999) .
In the Middle East there are a number of studies of regional wave propagation and its correlation with regional tectonics. Several studies have found that Lg coda Q values were low (200±500) in tectonically active regions and very low within most of the Anatolian and Iranian plateaus (MITCHELL et al., 1997; CONG and MITCHELL, 1998) . KADINSKY-CADE et al. (1982) found a continuous zone of Sn attenuation extending from the northern Iranian plateau to central and western Turkey as well as strong evidence of Lg blockage across the Zagros fold and thrust belt (Fig. 1a) . RODGERS et al. (1997) extended this original study using several broadband stations in the region as well as data from the Iranian Long Period Array (ILPA) to extend the regions of Sn and Lg blockage originally proposed by KADINSKY-CADE et al. (1982) . RODGERS et al. (1997) found a relatively good correlation between regions of inecient Sn propagation and low Pn velocities as determined by HEARN and NI (1994) . Both MELLORS et al. (1999) and RODGERS et al. (1997) found evidence for Sn attenuation in the Gulf of Aqaba. MELLORS et al. (1999) identi®ed evidence for ecient Lg propagation across the shield although several other studies had found evidence for low Lg coda Q in the region (e.g., GHALIB, 1987; SEBER and MITCHELL, 1992. ). The tomographic model of CONG and MITCHELL (1998) has Lg coda Q values of approximately 450 in the Arabian shield. All of these studies in the Middle East have utilized a relatively sparse station coverage; this leads to potential ambiguity in the interpretation of Sn and Lg propagation eciency since most observations were made using very long paths ($1000 km). Because of the relatively dense station coverage used in this study, we have greatly improved on models of regional wave attenuation in the Middle East.
Tectonic Setting
The Middle East is tectonically and seismically active (Fig. 1a) . The major topographic features in the region are the Anatolian±Iranian plateau and Zagros mountains which formed as a result of the collision between the Arabian plate and Eurasia. This collision is relatively young, having occurred approximately 12 Ma (DEWEY et al., 1986) . The Bitlis suture, the Zagros fold and thrust belt, and the East Anatolian left-lateral strike-slip fault mark a distributed, irregular, and young continental collision zone (e.g., SENGOR and KIDD, 1979) . Prior to the continental collision, convergence was accommodated by northward subduction of the NeoTethys oceanic lithosphere beneath the southern Eurasian margin (DERCOURT et al., 1986) . The Anatolian block is escaping to the west (Fig. 1a) , as evidenced by the right-lateral strike-slip movement along the North Anatolian fault system and with left-lateral movement along the East Anatolian fault system (MCKENZIE, 1972 (MCKENZIE, , 1976 JACKSON and MCKENZIE, 1988) . Within the Anatolian plateau there is extensive Neogene basaltic volcanism with ages younger than 8 Ma (e.g., INNOCENTI et al., 1982; PEARCE et al., 1990) and the majority younger than 3 Ma. Based on their geochemical signature, all of these basaltic volcanics are inferred to be derived from the lower portion of the lithospheric mantle. PEARCE et al. (1990) suggests that these basalts were created through heating and localized delamination of the thickened Anatolian lithosphere and subsequent migration of the magma to the surface. PEARCE et al. (1990) also suggests a similar type of convective heating of the lithosphere south of the Bitlis suture where similar young basalts are also abundant. Northeast of the Anatolian plateau lies the Lesser and Greater Caucasus which formed, for the most part, synchronously with the collision of the Arabian and Eurasian plates during the middle to late Pliocene (e.g., PHILLIP et al., 1989) . Total shortening in the Caucasus has been estimated to be 200 km (DOTDUYEV, 1986) . Current shortening rates have been estimated to be approximately 10 mm/yr . The only active oceanic lithosphere subduction within the Middle East is occurring in the Makran region of southern Iran. The oceanic lithosphere of the Gulf of Oman is being subducted beneath the Eurasian plate. An active volcanic belt associated with this subduction is located approximately 200 km north of the Iranian coast. The Makran is separated from the Zagros collisional belt by the Oman Line (BERBERIAN and KING, 1981; KADINSKY-CADE and BARAZANGI, 1982) , which continues northward along the eastern portion of the Lut block in the central Iranian plateau. Northwest of the Makran and west of the Zagros fold and thrust belt is the Mesopotamian foredeep, consisting of thick sediments which increase in thickness eastward .
The western edge of the Arabian plate is bounded by the Dead Sea fault in the north and the Red Sea spreading center in the south (Fig. 1a) . The Dead Sea fault system, often referred to as the Dead Sea rift, is a leaky transform and has experienced a total slip of about 105 km since the Miocene (e.g., QUENNELL, 1959; FREUND et al., 1970) . The majority of this deformation has occurred in the southern portion of the Dead Sea fault system. However, several portions of the fault system are leaky and have produced pull-apart basins such as the Dead Sea trough and the Vol. 158, 2001 Tomography of Lg and Sn in the Middle East
Gulf of Aqaba (GARFUNKEL, 1981) . GARFUNKEL (1981) suggests that spreading centers located in the middle of the pull-apart basins probably extend into the lithospheric mantle and are indicative of considerable lithospheric thinning. The Arabian shield comprises a series of accreted Proterozoic island arc terranes which were possibly formed during several subduction episodes (GREENWOOD et al., 1980) . The northeastern portion of the Arabian shield is the A®f terrane which is composed of granites (640±580 Ma), volcanic rocks, and meta-sediments (660± 600 Ma) overlying a crystalline basement (HUSSEINI, 1988) . The volcanic ®elds in particular are very young; 21 eruptions are known to have occurred in the last 1500 years (CAMP et al., 1987) . Along the western margin of Saudi Arabia, there is a young active spreading centered along the axis of the Red Sea. To the east the Shield is bounded by the Phanerozoic sedimentary rocks of the Arabian platform which dip gently eastward and overlap the Shield unconformably (POWERS et al., 1966) .
Data
In order to understand regional wave propagation behavior in the Middle East we have collected data from local stations in Turkey and Syria, and combined these with broadband stations in the region as well as data from temporary arrays to form a data set of over 5000 seismograms from 65 stations (Fig. 1b) and 2200 events. This large data set has allowed us to achieve resolution in the Middle East that was not available in earlier studies. We used approximately two years of data from 21 shortperiod stations produced by the newly installed Syrian National Seismic Network (15 vertical component 1 Hz seismometers and six three component instruments); examples of these data are shown in Figure 2 . We also used data from short-period single component (vertical) stations in eastern Turkey that are part of the Kandilli Observatory and Earthquake Research Institute network (Fig. 3) , these stations are in a region within the Anatolian plateau that previously had no substantial recordings of seismic waveforms. Data from all available permanent three-component broadband stations from the Global Seismographic Network (GSN), Mediterranean Seismographic Network (MEDNET), and German Global Seismographic Network (GEOFON) are also included in our study. Additionally, data collected from single and three-component short-period data from the Iranian Long Period Array (ILPA) as well as data from temporary broadband ®eld deployments in the Caspian Sea and Saudi Arabia were included in our database of seismograms. The Figure 2 Examples of seismograms produced by the Syrian National Seismic Network. All seismograms are bandpass ®ltered with corner frequencies at 1 and 4 Hz. These seismograms demonstrate the inecient Sn propagation in the western Arabian plate as opposed to the ecient Sn propagation we observe in the Mediterranean. All three of the recordings are taken from single component short-period seismometers.
The gray lines are faults, the solid triangles are seismic stations, and the solid circles are earthquakes.
c Saudi Arabian broadband experiment recorded extremely high-quality broadband regional seismograms starting in November 1995 and terminating in January 1997 (Fig. 4) ; we collected over 1200 seismograms from this experiment alone. The Caspian Sea Experiment included eight three-component broadband stations both to the east and west of the Caspian Sea (MANGINO and PRIESTLEY, 1998) and recorded approximately eighty seismic events well enough to be included in our study (Fig. 5 ). All 5000 seismograms in our regional waveform database have been reviewed by applying a range of bandpass ®lters in order to identify the relevant regional phases. Those seismograms that were saturated, had low signal-to-noise, or included large amounts of electronic noise were not included in our database. Seismograms with sampling rates of less than 10 sps were also discarded. Distances between 175 km to 2000 km were used for our Lg observations and a variety of bandpass ®lters were applied to test the frequency dependence of this phase. We discarded any Lg seismograms for events with hypocentral depths larger than 40 km. In order to identify Sn we applied bandpass ®lters between 1 to 4 Hz and 2 to 5 Hz. For Sn we included all seismograms between 330 and 2000 km. We avoided potential confusion with direct S arrival by applying ®lters in travel-time windows that should only include Sn rather than S at distances past 1500 km. We did identify direct S-wave arrivals for many regional seismograms but noticed a distinct dierence in the waveform shape and frequency content; therefore, we were able to distinguish between the dierent arrivals.
Lg Propagation in the Middle East
Lg/Pg ratios are generally used in discriminating earthquakes from explosions. In order to determine the path eects on Lg/Pg amplitude ratios and to characterize Lg propagation (relative to Pg) we have computed approximately 4400 Lg/Pg amplitude ratios. We have tomographically mapped the variations in Lg/Pg ratios throughout the Middle East. For this study, we de®ned Lg as the energy within a group velocity window of 3.0 km/s to 3.6 km/s. For Pg we used a group velocity window of 5.5 to 6.8 km/s. We calculated the group velocity window for Lg and Pg group velocity window relative to the ®rst arrival for all seismograms. This technique has the advantage of eliminating errors caused by network timing errors as well as minimizing eects from possible source mislocations. The amplitude ratios were D Log 10 fRMS Lg=RMS P gg : 1
Maximum absolute amplitude ratios were also used although we found them to be less stable than the RMS amplitude ratios. We tested the sensitivity of our Lg/Pg 1993 (MANGINO and PRIESTLEY, 1998 . Station KIV is a broadband station which is part of the Global Seismographic Network (GSN). These records clearly indicate the dierence in wave propagation across the north Caspian Sea and the southern Caspian Sea, as well as the Lg blockage in the easternmost Anatolian plateau. These seismograms also demonstrate the dierence in Sn propagation across the Caspian Sea (station KIV) as opposed to the paths that cross the Anatolian plateau (station SHE). All seismograms are bandpassed ®ltered (1±4 Hz). The solid triangles are seismic stations, and the solid circles are earthquakes.
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Tomography of Lg and Sn in the Middle Eastratios to the Lg group velocity window and found that if we vary the group velocity windows by 0.2 km/s the calculated RMS Lg/Pg ratios did not vary by more than 10 percent.
In order to further verify that the calculated Lg/Pg ratios are representative of our seismic waveforms, we visually inspected all of the waveforms in our study. Each event-station pair was assigned an eciency that corresponded to either ecient Lg, inecient Lg, or absent or blocked Lg. We found a fairly high degree of correlation between our visual inspections and the Lg/Pg ratios. Generally the Lg/Pg ratios close to one (Fig. 6 ) corresponded to weak or inecient Lg propagation while Lg/Pg ratios of less than one corresponded to blocked Lg (Fig. 7) . Seismograms with very ecient Lg phases usually had Lg/Pg ratios larger than 5.0 although some seismograms did have anomously high Pg amplitudes for paths crossing large sedimentary basins, which decreased the amplitude of the Lg/Pg ratios signi®cantly.
Method
We have applied tomographic techniques to make more objective and quantitative measurements of the propagation eciencies in the Middle East. Also, we have a very large data set (>4400 raypaths) in which mapping by visual inspection is dicult (Fig. 8) . In order to tomographically map the regional variation of our Lg/ Pg ratios we derived a linear relationship between amplitude ratios and path length. Following the derivation of PHILLIPS et al. (1999) and the starting model of CONG et al. (1996) , we assume that seismic phase amplitudes (a ijk ) can be modeled using the following relation for a given frequency band:
where b k is the geometrical spreading exponent for the k-th phase, s jk is the station response for the j-th station and for the k-th phase, c ik is the source scaling term for the i-th seismic source and the k-th phase, L ij is the total raypath length, and a k is the spatial average attenuation coecient and is assumed to be constant over a given frequency band. If we take the logarithm of the amplitude ratio of two phases (1 and 2) and then discretize the spatial attenuation factor: c where DA ij log 10 a ij1 =a ij2 ; DC i log 10 c i1 À log 10 c i2 ;
DS j log 10 s j1 À log 10 s j2 ; and Dm a 2 À a 1 :
DA ij is the logarithm of the phase amplitude ratio, DS j is the logarithm ratio in instrument response for each phase, DC i is the dierential source scaling term, Db is the dierential geometric spreading factor between each phase, Dm il are the model spatial attenuation factors for the l-th cell and i-th ray, and l ijl the length of the ray in the l-th cell. If we assume s j1 s j2 and a linear and constant relationship independent of frequency between Pg and Lg source scaling (i.e., DC i DC):
We would expect DS j to be zero as long as the seismometer response is¯at for all stations over the frequency band of interest. In order to linearize this system of equations we expand equation (4) to obtain:
where DM is the mean spatial attenuation parameter and Dm l are the mean corrected spatial attenutaion parameters. We can then solve for DC, Db, and DM and subtract this portion of equation (5) from DA ij :
where
In practice we found that including log 10 e DM made little dierence for our data set. Equation (6) is a linear set of equations which relates the spatial change in the dierence in Lg and Pg attenuation to our corrected Lg/Pg amplitude ratios. In order to solve the linear system of equations we used the LSQR method of PAIGE and SAUNDERS (1982) . This method has the advantage of not introducing any hidden scaling into the solution as well as providing an objective regularization scheme (NOLET, 1988) . We spatially regularized our results using Laplacian damping which has been used successfully elsewhere to minimize inversion artifacts (e.g., MEYERS et al., 1998) . We tested a variety of Laplacian damping weights and selected one which minimizes tomographic artifacts while maintaining our spatial resolution. We have tested for bias or errors caused by the various instrument and station types by including the DS j term in our inversion (equation (3)). We found that this term did not signi®cantly aect our results although we did observe, for those isolated stations, some path-station corrections trade-o. We found that the attenuation structure near those stations tended to be more``damped'' and of smaller amplitude than when the station corrections were not included.
Owing to the dierence in geometrical spreading between Pg and Lg, many studies have shown a strong Lg/Pg ratio distance dependence (e.g., FAN and LAY, 1998) . We have included this in our inversion (Db) by solving the linear Lg/Pg ratio dependence on the logarithm of the path length. We found only a weak distance dependence in the Middle East, primarily because of substantial blockage and attenuation that both Lg and Pg undergo in the Middle East (Fig. 9 ). The resulting model of spatial attenuation is representative of our observed spatial variation in the Lg/Pg amplitude ratios in the Middle East neglecting possible source eects (Fig. 10) . The amplitude of Pg, in particular, could potentially vary with respect to the source mechanism; however, any potential bias in our tomographic model should be lessened by redundant raypaths. 
Resolution and Uncertainty
In order to test the resolution and stability of our tomographic model we performed several resolution and error tests. We would expect to obtain the highest resolution and most reliable solutions in regions of dense ray coverage. Generally we have good ray coverage, except at the model edges, throughout most of our model (Fig. 11) . However, due to lack of stations and sources in Iraq and eastern Jordan we have limited resolution and a less reliable attenuation model for this subregion.
A standard test applied in most tomographic studies is to test model resolution using synthetic checkerboards or spikes to generate a synthetic data set with the same raypaths as the actual data set. We have also added Gaussian noise to the synthetic data set with amplitudes equal to 15% of the maximum synthetic Lg/Pg ratio. This synthetic data set is then inverted and compared to the original synthetic input model. We employed this technique using a variety of synthetic model geometries Figure 11 A map showing the hit counts for each cell in the tomographic model shown in Figure 10 . Note the smaller hit counts in western and central Iraq. This is a region where the resolution is the poorest and the uncertainties are the largest.
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Tomography of Lg and Sn in the Middle Eastranging from checkerboards to vertical and horizontal stripes, as well as spike tests.
The results of one spike test are shown in Figure 12 . We used the same Laplacian damping weights and number of inversion iterations as were used with our original tomographic inversion. Considerable``smearing'' can be seen, especially in those regions with limited ray coverage. In particular, dramatic distortion of the synthetic anomalies in Saudi Arabia is occurring due to the multitude of raypaths which travel across the Mediterranean into Saudi Arabia (Fig. 12b) . Since there is very limited station coverage in this region and even fewer earthquakes, it is not surprising to see this type of artifact. The Gulf region also has relatively poor resolution. However, we have fairly good resolution in Anatolia, the eastern Mediterranean, and Syria. We also tested the stability of our tomographic model by using a bootstrap resampling technique. This test should detect any regions of the model which are dependent on only a few inconsistent observations (HEARN and NI, 1994) . We randomly resampled our raypaths until we reached the same number of observations as in our original inversion. This resampled data set is then inverted; this procedure is repeated 100 times, giving us a distribution from which a variance can be calculated. We found that the bootstrap variances converged after approximately 100 bootstrap iterations. These variances are shown in Figure 13 . For our Lg/Pg model we generally have very small uncertainties; only those cells on the edge of the model (e.g., in the Red Sea and easternmost Egypt) exceed variances of more than 0.1. These results also suggest that our data set is not overly sensitive to source focal mechanisms since variations in Lg/Pg amplitude ratios due to source type should be apparent in our bootstrap uncertainty estimates as long as the distribution of source focal mechanisms is not entirely systematic. Figure 12a . Note the abundant smearing that occurs in the Arabian/Persian Gulf and in northwestern Saudi Arabia. These are regions where our resolution is the poorest.
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Results
The most striking result of our Lg/Pg tomography is that regions of small Lg/Pg ratios mainly correspond with continental collision zones in the Middle East (Figs. 1  and 10 ). The regions near the Bitlis suture and the Zagros fold and thrust belt are both delineated very clearly in our model as zones of Lg blockage. Within both the Iranian and Anatolian plateaus, Lg propagation with respect to Pg is generally inecient or weak. We do observe some inecient Lg phases within the central Iranian plateau. Within the entire Anatolian plateau, however, Lg is inecient. In the Lesser Caucasus and the extreme western part of the greater Caucasus there is a large region where Lg is either blocked or inecient (Figs. 5 and 10 ). Within the Figure 13 A map showing the bootstrap uncertainty estimates for the Lg/Pg tomographic model shown in Figure 10 . These uncertainty estimates were calculated after 100 bootstrap iterations. Generally our solution was very stable. Only on the edge of our model do we ®nd uncertainties signi®cantly larger than 0.10.
south Caspian Sea basin Lg is also blocked; however, the northern Caspian Sea appears to have fairly ecient Lg propagation. We also observe large regions of very ecient Lg propagation. Within the Arabian shield we observe very ecient Lg propagation (Figs. 4 and 10 ) which is consistent with the observations of MELLORS et al. (1999) and with the Lg coda Q models of CONG and MITCHELL (1998). Our tomographic image very clearly outlines the Arabian shield where we have very large ($2.0) Lg-Pg dierential spatial attenuation while we have more modest dierential attenuation ($0.5) in the Arabian platform and Mesopotamian foredeep. Another large region of very ecient Lg propagation is an area in western Iraq and eastern Jordan. This anomaly, however, is somewhat suspect since this is a region of relatively poor ray coverage (Fig. 13) . We also found that the Lg to Sn converted phases, such as those shown in Figure 7 , did not have a major impact upon our tomographic model. This is due primarily to the small amplitudes of such converted phases as well as the numerous stations and events that we have used in our inversion.
Another important issue regarding Lg propagation is the frequency dependence of the Lg/Pg ratios. Dierent crustal structure and rheologies can have dierent responses to dierent seismic frequencies. In order to investigate the frequency dependence of Lg/Pg ratios in the Middle East we applied a number of narrow bandpass ®lters to our seismogram database and tomographically mapped the resulting Lg-Pg dierential attenuation. Figure 14a shows the same image shown in Figure 10 for reference. This image corresponds to a frequency band of 1 to 4 Hz. Figures 14b and 14c show progressively higher frequency bands. In general there is no appreciable change in the models until the frequency band of 2 to 4 Hz. Many of the larger model attenuation anomalies, seen in Figures 14a, 14b , and 14c, have been reduced considerably. There is also more Lg attenuation and less Pg attenuation in the Mesopotamian foredeep and less in the Lesser Caucasus than in the other lower frequency models.
We obtained a 50 percent variation reduction in our ratio residuals (Fig. 9) for the frequency band between 1 and 4 Hz. We obtained similar variance reductions for the other frequency bands that we analyzed, except for the 2±4 Hz band which had a variance reduction of 48 percent. This smaller variance reduction is due to the poor data quality (low signal-to-noise ratio) for this frequency band. After applying path corrections obtained from our model, the resulting 95% of our corrected residual fell within 0.4 of zero (Fig. 9) , indicating that we have successfully removed a large portion of the path eects for Lg/Pg ratios in the Middle East.
Sn Propagation in the Middle East
In order to map Sn attenuation in the Middle East we reviewed and determined the Sn propagation eciencies into three categories for over 4200 seismograms. The Vol. 158, 2001 results are shown in Figure 15 . These results reveal generally ecient Sn propagation in oceanic lithosphere and generally inecient Sn propagation in the Anatolian and Iranian plateaus. However, in order to map the details of Sn propagation in the Middle East we have again used tomography. Unlike our study of Lg, because of the instability of the Sn/Pn ratios as well as the subtle nature of continental Sn in tectonically active regions, we chose to tomographically map qualitatively assigned Sn propagation eciencies rather than amplitude ratios. This strategy allowed us to assign equal weights to the relatively weak Sn signals observed in the continents and the very strong Sn observed for oceanic paths because we are primarily interested in regions of Sn blockage and not the dierences in Sn propagation in oceanic and continental lithosphere. We assigned each seismogram to one of three categories: no Sn, ecient Sn, and weak or inecient Sn. Although these categories are qualitative, we used strict criteria when evaluating each of the regional seismograms. If the seismogram showed no evidence of a discernable high-frequency Sn wavetrain, we categorized that path as``no Sn present.'' If some Sn wavetrain could be observed, regardless of its strength or amplitude, we designated it``ecient Sn.'' If there were some ambiguous signal in the seismogram that potentially could be an Sn signal, it was classi®ed as``weak or inecient Sn.'' This category was seldom used since we could usually clearly delineate, with the use of bandpass ®lters and spectrogram analysis, between those seismograms with Sn and those which did not contain an Sn signal. We tended to use the``inecient Sn'' category for those seismograms at shorter distances where regional phases cannot always be easily identi®ed, especially for continental paths. Figure 14a indicating the small amount of energy contained in the 2 to 4 Hz band. This also indicates that the short-period instrument responses have no signi®cant eect on our Lg/Pg ratio calculations.
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Sn Eciency Tomography Method
The method we used to tomographically image Sn propagation is similar to that used in our Lg/Pg study. However, we have chosen not to use amplitude ratios since we have found them to be primarily a function of whether the path was oceanic or continental. This is because continental Sn is generally a subtle phase which is not easily measured using amplitude ratios. Taking the logarithm of equation (2), neglecting the geometrical spreading term, discretizing the spatial attenuation factor, and substituting p fm l /V Sn for a we obtain: where f is the frequency of the Sn signal (1 Hz), V Sn is the velocity of Sn (4.6 km/s) and all variables and indices are the same as was used in equations (2) through (5). If we assume, to ®rst order, that the eect of geometrical spreading will not play a major role in Sn blockage, we can discretize the data vector and use discrete wave propagation eciencies rather than amplitudes or amplitude ratios.Â We assigned the propagation eciencies as follows: 1 for no or blocked Sn, 0.5 for inecient or weak Sn, and 0.0 for an ecient Sn. Equation (8) is very similar to the method of SAUNDERS et al. (1988) , who used local analog seismograms to map regions of high attenuation. By choosing these three numbers for our propagation eciencies we have de®ned both our model parameter as the reciprocal of the extinction path length and the necessary, albeit idealized, attenuation that de®nes blocked, inecient and ecient Sn. Using these de®nitions of ecient, inecient and blocked Sn, our model parameters in equation (8), m l , becomes the reciprocal of the extinction path length. Because we have created a set of idealized criteria de®ning our propagation eciencies, it is important not to overinterpret our model parameters. In practice, because we have chosen to de®ne ecient Sn as an indication of no attenuation at all, our results represent in eect the maximum extinction path length for Sn. We have allowed our model parameters to fall below zero if the data require it. We have interpreted the negative extinction path lengths as an indication that our assumption of no attenuation or very small attenuation for ecient Sn paths is incorrect for those regions. For the most part, only a few cells decreased signi®cantly beneath zero.
Solving this linear set of equations (equation (8)) allows us to objectively and quantitatively map our qualitative Sn eciencies (Fig. 16) . We chose our Laplacian damping parameter using the same technique we used for our Lg/Pg tomography. In order to minimize the inversion artifacts for our Sn tomography we required larger weighting for the Laplacian damping. This is in part due to the discrete nature of our database as well as the longer path lengths that were required for our Sn observations although generally we had adequate ray coverage throughout most of our model (Fig. 17) . 
Resolution and Uncertainties
In order to estimate the resolution of our Sn eciency tomography we performed resolution tests as in our analysis of Lg/Pg ratio tomography. In order to reproduce a discrete synthetic data set we used a criterion to convert the non-discrete synthetic amplitude which is produced by propagating rays through a synthetic test model. We created a synthetic set of propagation eciencies by de®ning an extinction path length. Assuming a minimum frequency for Sn, the extinction path length corresponds to a Q value: (Fig. 18) . For the synthetic tests we did not create any inecient Sn synthetic data, only ecient and blocked Sn, in order to make conservative estimates of our resolution. We also added ten percent noise by randomly switching 10% of our synthetic eciencies from 1.0 to 0.0 or from 0.0 to 1.0. After creating a discrete synthetic set of Sn propagation eciencies analogous to our actual data set, we used the Laplacian damped LSQR algorithm to solve for the input test model for a variety of extinction path lengths (Fig. 18) . We used a variety of synthetic models to test our Sn model resolution including checkerboards, vertical strips, horizontal strips, and spike tests. Generally we observed the same resolution problems with all of the test models.
The apparent resolution is not as good as that of the Lg/Pg ratio tomography and depends upon our choice of the extinction path length. Our resolution tests Figure 18a A map showing the test model used to determine the resolution of our Sn eciency tomography. This model contain``spikes'' of regions with Sn extinction path lengths of 500 km surrounded by regions with no Sn attenuation (in®nite extinction path length). Besides this test model we used a variety of other model geometries to test our model resolution.
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Tomography of Lg and Sn in the Middle Eastdemonstrate that conservatively only 200 to 300 km sized features, depending upon the degree of attenuation (i.e., extinction path length), can be resolved with our technique. This is not surprising given the large path length (greater than 300 km) that is required to observe Sn. We are able to image the original input model reasonably well in the eastern Mediterranean and Anatolian plateaus. However, in southern Arabia and Iran there is``smearing'' in the east-west direction. This is mainly caused by the lack of stations and sources in central and southern Arabia. We also see north-south distortion of the test anomalies in the southern Zagros mountains. Examining Figure 18d we see that anomalies with extinction paths exceeding 500 km are not as well imaged as those anomalies with extinction paths of 250 km. In general, we cannot resolve attenuation anomalies where Sn is eliminated in 700 km or greater. In order to estimate the uncertainties we employed the bootstrap resampling technique that we used for Lg/Pg tomography. By randomly resampling our original data set and reinverting for our model Sn propagation eciencies 100 times, we were able to estimate the variance of each model parameter (Fig. 19) .
Figure 18b
A map showing the results of our resolution spike test using an extinction path length of 250 km in this test model. We observe east to west smearing of anomalies in northwestern Saudi Arabia as well as north-south smearing along the Red Sea and the Gulf of Aqaba.
We found that in general our estimated uncertainties were fairly minor. The exception is in Iraq and northern Saudi Arabia where we found substantial uncertainties in the model Sn eciencies, indicating that these values are not very reliable. This is due, for the most part, to the lack of ray coverage in this part of our model (Fig. 17) .
Results
The most obvious feature in our model is weak or no Sn propagation in Turkey and most of Iran, and ecient Sn propagation in the oceanic lithosphere as well as in most of the Arabian plate (Fig. 16) . In both the Anatolian and the Iranian plateaus, Sn is heavily attenuated. The inecient Sn zone in the Iranian plateau is bounded on the west by the Zagros fold and thrust belt and extends all the way to the East Iranian ranges ($60°E longitude) and as far south as the Makran in southern Iran. Throughout most of the Anatolian plateau and into the Anatolian block Sn propagation is inecient. Similarly, in the Lesser Caucasus Sn is heavily attenuated; however, Sn propagation is ecient in the eastern half of the Greater Caucasus. Figure 18c A map showing the results of our resolution spike test using an extinction path length of 500 km. We still observe considerable amounts of smearing even with the less-attenuating test model.
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Our tomographic models indicate that the zone of inecient Sn is not con®ned to the Anatolian plateau, but extends to the south across the Bitlis suture and into western Syria. Our resolution tests and uncertainty estimates indicate that this is neither an artifact nor a product of``smearing'' of the inecient Sn region within the Anatolian plateau. We also observe a large region of inecient Sn that includes the southern Dead Sea fault in Jordan, Palestine, and Israel, as well as the Gulf of Aqaba. This region of Sn attenuation also extends approximately 500 km to the east, well into the northwestern segment of the Arabian plate. Some of this could be an artifact, as was demonstrated by our resolution tests in Figure 18 . This feature could be due to smearing of the anomaly along the Dead Sea fault or perhaps the blurring together of two separate anomalies in the region; one in Jordan, Palestine, and Israel and the other in northern Saudi Arabia. Another region with similar resolution problems is the eastern Black Sea where we only have two stations in the Greater Caucasus recording a large number of events in the Anatolian plateau. This has caused the inecient Sn zone in the Anatolian Figure 18d A map showing the results of our resolution spike test using an extinction path length of 750 km. Note that we no longer can resolve the anomalies in central Turkey since the majority of our rays are not suciently long to be attenuated.
plateau to``bleed'' into the eastern Black Sea where we have scant model resolution.
Along the Red Sea coast in Saudi Arabia we observe another region of Sn attenuation which is based mostly on observations at two stations along the Red Sea coast (Figs. 4 and 16 ). To the northeast of this anomaly we found a region of ecient Sn propagation in the northern Arabian shield between the region of no Sn propagation along the Red Sea coast and inecient Sn propagation in northern Saudi Arabia. Throughout most of southern and central Arabia, including Iraq and the Persian Gulf, Sn was found to be ecient. We have also found that Sn is ecient in the Koppeh Dagh region and farther to the west in the eastern Caucasus and in the Caspian Sea. Figure 16 . In general our tomographic model is fairly stable; however, in central Iraq and northern Saudi Arabia we have fairly large uncertainties approaching 50% of the anomalies shown in Figure 16 . Vol. 158, 2001 Discussion and Conclusions
The results of our Lg/Pg tomography are fairly consistent with prior studies of Lg in the Middle East. However, because of the considerably more waveform data used in this study we were able to accurately map the boundaries of Lg and Sn attenuation. The blockage of Lg phases across the Zagros mountains has been demonstrated by several dierent studies including KADINSKY-CADE et al. (1982) , RODGERS et al. (1997 ), CONG and MITCHELL (1997 ), and MELLORS et al. (1999 . In the Greater Caucasus, however, our results suggest a somewhat dierent picture from that suggested by KADINSKY-CADE et al. (1982) and RODGERS et al. (1997) . We found that the region of complete Lg blockage resides in the easternmost edge of the Anatolian plateau in northeastern Turkey rather than in the Greater Caucasus, where for the most part we observe relatively ecient Lg propagation. Furthermore, we have found a very good correlation with inecient Lg propagation and the Arabian plate boundary and the major tectonic provinces (Figs. 20 and 10) . Prior studies (e.g., MITCHELL et al., 1997; RODGERS et al., 1997) found less of a correlation with Lg attenuation, probably because of the lack of resolution. Local network data from Syria and Turkey used in our study signi®cantly improved our ability to resolve the geometry of Lg blockage and attenuation.
The boundaries marking regions of high Lg attenuation, relative to Pg, and regions of ecient Lg propagation correspond remarkably well with the boundary between the Eurasian and Arabian plates. This correlation is probably due to changes in crustal and sediment thickness across these boundaries. There is evidence for a crustal root beneath the Zagros mountain belt (e.g., SNYDER and BARAZANGI, 1986) as well as signi®cantly thick sediments. This type of rapid crustal thickness variation has been demonstrated to block Lg (KENNETT, 1986). However, there is an approximately 100 to 200 km oset between the location of the crustal root and the location of minimum Lg-Pg dierential attenuation. This might be due to the lack of seismic stations in the Iranian plateau which has led to most raypaths traveling from east to west in this region. This bias in our data set might cause smearing of the region of Lg blockage eastwards.
We observe similar types of Lg blockage in easternmost Anatolia. This may be a result of a sudden increased crustal thickness in eastern Turkey or perhaps to intrinsic attenuation in the crust caused by partial melt. We do not observe any Lg blockage for paths crossing the Dead Sea fault system. Any potential Moho topography and structural complexity associated with the Dead Sea fault are c apparently insucient to disrupt Lg propagation, unlike the other major plate boundaries in the Middle East. The importance of sediment thickness on Lg propagation can be seen from the patterns of observed Lg/Pg amplitude ratio variation in Saudi Arabia. In the west, where no sedimentary rocks are present, Lg clearly propagates more eciently than in the Arabian platform where sediment thickness ranges between 5 and 15 km (HUSSEINI, 1988) . There is a region of similarly ecient Lg propagation in central and western Iraq which correlates with the Rutbah uplift as mapped by LOVELOCK (1984) and BREW et al. (1997) .
We observe a small region in central Iran where Lg propagation is somewhat ecient, especially for lower frequencies, contrasting with the complete Lg blockage we observe across the Zagros fold and thrust belt. There is very little known about the crustal structure of this region. Raypaths associated with ecient Lg propagation in central Iran are shown in Figure 8 . These observations suggest that the crustal structure in central Iran is less variable than other parts of the Iranian plateau where we do not observe as ecient Lg propagation. In the Makran region of southern Iran, however, we see very large regions of complete Lg blockage which again could be produced by a combination of crustal thickness variations in Oman and the Makran along with the oceanic crust in the Gulf of Oman (RAVAUT, et al. 1997) . However, there is a large amount of Holocene volcanism in the Makran which could be indicative of partial melt in the crust which also would block Lg. North of Iran, in the Caspian Sea, there is a clear boundary between what appears to be remnant oceanic crust in the south Caspian (ZONENSHAIN and LEPICHON, 1986 ) and what appears to be thicker crust in the north Caspian Sea.
When interpreting uppermost mantle structure using wave propagation, ecient Sn typically implies a relatively cold/thick mantle lithosphere, such as most old oceanic lithosphere, where uppermost mantle attenuation is small. Poor Sn propagation, which is indicative of high uppermost mantle attenuation, implies hotter uppermost mantle and perhaps the presence of partial melt. However, it is not necessary to have partial melt in the uppermost mantle to substantially (5 to 10 times) lower Q ( KAMPFMANN and BERCKHEMER, 1985; SATO et al., 1989) ; therefore inecient Sn propagation could also be an indication of simply hot lithosphere as opposed to a region of asthenospheric upwelling. Attempts at modeling Sn wavetrains have indicated that a negative velocity gradient is required in the uppermost mantle (lithosphere-asthenosphere boundary) in order to produce an eective waveguide for Sn (STEPHENS and ISACKS, 1977) . If this velocity gradient were reduced or altered, then Sn propagation could conceivably be attenuated or perhaps in some cases blocked.
To ®rst order, our tomographically mapped regions of poor Sn propagation in the Middle East agree with the prior work of KADINSKY-CADE et al. (1982) , RODGERS et al. (1997), and MELLORS et al. (1999) . However, there are important dierences to note. In general, we map larger regions of poor Sn propagation than KADINSKY-CADE et al. (1982) and RODGERS et al. (1997) . This is especially evident when examining the region of inecient Sn in Iran, where we found that Sn does not propagate across the entire Iranian plateau. Similarly Sn does not propagate within the Anatolian plateau. Furthermore, we found a very large region of poor Sn propagation along the southern Dead Sea region that extends into eastern Jordan. A portion of this inecient Sn zone could be due to resolution problems in our tomographic model. However, given the extensive Sn attenuation that we observe at stations in Saudi Arabia, Egypt, and southern Israel, this zone of uppermost mantle attenuation must be fairly substantial. We would suggest that most of western Jordan and western Syria is underlain by this zone of uppermost mantle attenuation. The region of Sn attenuation along the Red Sea coast agrees well with the study of MELLORS et al. (1999) , with the exception that along the northeastern Red Sea coast we have observed ecient Sn propagation that extends in the Arabian shield for approximately 500 km.
Comparison of our Sn attenuation with the Pn velocity tomography of HEARN and NI (1994) can eliminate some of the ambiguity in interpreting individual observations. Generally there is a fairly good correlation between lower Pn velocities (7.6±7.8 km/s) and our regions of Sn attenuation, with a few notable exceptions (Fig. 20) . For the most part central and eastern Turkey as well as the Lesser Caucasus have generally low Pn velocity ($7.75 km/s) and inecient Sn propagation. These observations are an indication that there is partial melt in the uppermost mantle beneath the Anatolian plateau and the northwestern corner of the Iranian plateau. This observation is con®rmed, to some degree, by the large amount of Quaternary and active volcanism in the Plateau (Fig. 20) . However, we also ®nd very important dierences between the two tomographic models. The most striking dierence is the region of high Pn velocity (8.2 km/s) south of the Bitlis suture in southeastern Turkey where we also see inecient Sn propagation. Although this could be due to a lack of resolution by both tomographic models, this is the region with the best ray coverage for our Sn attenuation tomography. This observation is also interesting since there is evidence of Quaternary volcanism south of the Bitlis suture. Perhaps it is an indication of strong lateral heterogeneity or azimuthal seismic anisotropy aecting the Pn velocity measurements.
Another important result of our study is the large area of Sn attenuation in the Iranian plateau, especially since the study of HEARN and NI (1994) did not ®nd particularly low Pn velocities (7.9±8.1 km/s). Again, this might be the bias towards Sn blockage in the Iranian plateau caused by the predominantly long raypaths in this region. Similarly this observation might indicate a lack of partial melt in the lithospheric mantle although perhaps the lithosphere is still hot and not fully recovered from the substantial volcanism in the late Cenozoic. This hypothesis is also consistent with the lack of extensive Holocene volcanism within the Iranian plateau (Fig. 20) .
One of the most interesting regions of Sn attenuation in the Middle East occurs in Israel, Palestine, and most of Jordan. It is possible that this anomaly is arti®cially Vol. 158, 2001 enlarged due to the lack of stations and sources in this region. However, complete elimination of Sn waves traveling from the Eastern Mediterranean Sea into Saudi Arabia (see Figs. 4 and 15) suggests that this zone is substantial (i.e., 200±400 km). There is little evidence for lower uppermost mantle velocities in the Gulf of Aqaba (HOFSTETTER et al., 1991) and the Dead Sea fault system (GINZBURG and MAKRIS, 1979) . However, few measurements of uppermost mantle velocity have been made farther east in Jordan and Saudi Arabia. Based on the Quaternary volcanism in this region (Fig. 20) , CAMP and ROOBOL (1992) have proposed a broad zone of upwelling asthenosphere in western Arabia. Our observations suggest that the lithosphere is not hot or thinned across the entire Arabian shield.
Results from regional wave propagation tomography oer new and important insight into the attenuation structure of the crust and uppermost mantle. However, further resolution and reliable criteria must be developed to eliminate some of the ambiguity in the interpretation of the behavior of regional waveforms. However, in order to unambiguously determine the path eects on Lg propagation we need to better account for source contributions to Lg excitation. Even though we have not fully accounted for the source eects, given our data redundancy our Lg-Pg dierential attenuation model can be used to correct Lg/Pg ratios for the path eects, which is critical to reliably discriminating earthquakes from explosions in the Middle East, given the dramatic variations in Lg and Pg propagation.
